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mounted is subjected to strain within a predetermined 
range, the light intensity of any point at the output of 
the optical fiber will have a linear relationship to strain, 
provided the following equation is less than 0. 17 radians 


8<{>oi - S<J>n = 

AfcLSi 1 . . , , 

n co y2 + 27 ?/iv/- (3 - 47ui)n 2 co P e j), 

where n co represents the refractive index of the core, k 
represents the wavenumber of the light, L represents 
the length of the optical fiber, Si represents axial strain, 
Vis 
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[57] ABSTRACT 

A strain sensor is constructed from a two mode optical 
fiber. When the optical fiber is surface mounted in a 
straight line and the object to which the optical fiber is 


U is a solution to the eigenvalue equation of the optical 
fiber, v/ represents the Poisson ratio, P e / represents the 
effective strain-optic coefficient of the optical fiber and 
n/„ represents 

Kf- 

Vh ~ Ki+iKi-i ’ ’ 

where Ki is the modified Bessel function of second kind 
of order/with argument given by 


Wl n - N V 2 - Uj„ , 

where 


V=ak N n\ 0 -n\ la • /. 


4 Claims, 1 Drawing Sheet 
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OPTICAL FIBER STRAIN SENSOR WITH 
IMPROVED LINEARITY RANGE 

CROSS-REFERENCE TO RELATED 5 

. APPLICATION 

This application is related to the following U.S. pa- 
tent application filed on the same date and assigned to 
the same assignee by the same inventors: DISCRETE 
OPTICAL FIBER STRAIN SENSOR which is incor- 10 
porated herein by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention is directed to an optical fiber 15 
strain sensor and, more particularly, to an optical fiber 
strain sensor in which received light intensity changes 
linearly with respect to strain over a relatively wide 
range of strain. 

2. Description of the Related Art 20 

A known technique for measuring strain is to use the 

light transmitted by an optical fiber affixed to an object 
under strain. Conventionally, the modal pattern pro- 
duced by light at the receiving end of an optical fiber 
under strain is monitored to detect changes in the modal 25 
pattern. The changes in the pattern are caused by 
changes in the optical path length of the light in the 
fiber due to changes in the index of refraction n and the 
propagation constants of each fiber mode. As a result, 
the modal phase term, yS/„z, of the electric field is shifted 30 
by an amount 8<f>. This phase shift phenomenon has 
been theoretically studied and experimentally used in 
applications that involve determination of strain using 
single mode, few mode and multimode fibers. 

A single mode fiber is the simplest kind of strain 35 
sensor using optical fibers. It is basically an interferome- 
ter that compares the modal phase shift of two fibers: 
one fiber is subjected to strain and the other serves as a 
reference. Such a device is described in “Fiber Optics 
Strain Gauge” by Butter et al. in Applied Optics , vol. 17, 40 
pages 2867-2869, September 1978, for surface mounted 
sensors using “weakly guiding” optical fibers. Another 
example of strain sensors using weakly guiding optical 
fibers was described in “Complete Phase-Strain Model 
for Structurally Embedded Interferometric Optical 45 
Fiber Sensors” by Sirkis et al. in the Journal of Intelli- 
gent Material Systems and Structures, vol. 2, pages 3-24 
(1991). The latter paper describes both surface mounted 
and embedded sensors in many strain field configura- 
tions. 50 

There are several drawbacks to optical fiber strain 
sensors using known techniques. First, the phenomenon 
has only begun to be investigated and the theoretical 
underpinnings are not fully understood. Second, the 
shifting of patterns can be complex and requires either 55 
an intelligent detector, or careful alignment of a detec- 
tor with a pattern produced for a given amount of 
strain. Third, strain is measured over the entire length of 
the optical fiber with the result that it is difficult to 
mount an optical strain sensor to measure strain at a 60 
discrete location. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide an 
optical fiber strain sensor which measures strain easily. 65 
The above object is attained by providing a strain sen- 
sor, comprising: a two-mode optical fiber constructed 
of materials producing an intermodal phase difference 


2 

8<f>oi-<j>n of 0.17 radians when subjected to stress within 
a measurable range of the strain sensor; light supply 
means for supplying light to a first end of the optical 
fiber; and light intensity detection means for detecting 
light intensity of a point at a second end of the optical 
fiber. The optical fiber may be a single mode, two mode 
or multi-mode fiber. The light intensity detection means 
may be a conventional photodiode or other light sensi- 
tive electronic device for converting the light intensity 
to an electrical signal, coupled with means for transmit- 
ting the light emerging from the point at the second end 
of the optical fiber to the photodiode or other device. 
The means for transporting may be a lens, an optical 
fiber not subjected to strain, or a strain insensitive opti- 
cal fiber as disclosed in the corresponding patent appli- 
cation. 

Theseobjects, together with other objects and advan- 
tages which will be subsequently apparent, reside in the 
details of construction and operation as more fully here- 
inafter described and claimed, reference being had to 
the accompanying drawings forming a part hereof, 
wherein like reference numerals refer to like parts 
throughout. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a strain sensor according 
to the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

For a surface mounted straight circular optical fiber 
having a step index profile which is under axial strain, 
the normalized phase difference, S<f>/kLSi is defined as 


S 4 >/» _ ton_ ( 1 ) 

kLSi ~ k + 


a 2 ($ln 


F In 71 cla n 2 1 VlrtU j n 

— £/»*- l—r— 


ka 2 Pln 


(Vf + 04 + n 2 cIa )P e f), 


where P e /is defined as the effective strain-optic coeffici- 
ent or 


Pef = 

(Pl2-V/Pu + ^12» 
2 

(2) 

m = 

K? 

(3) 

Ki+ \Ki— 1 ’ 



filn is the propagation constant of a mode of order/and 
rank n, U i n is solution to the eigenvalue equation of a 
weakly guiding fiber, xic 0 and n c / fl are the refractive 
indices of the core and cladding respectively, a is the 
core radius, L is the length of the fiber which is under 
stress, Si is the value of the axial strain, Pn and P 12 are 
the strain optic coefficient, v/is the Poisson ratio and K / 
is the modified Bessel function of second kind of order 
/ with argument given by 


Wi n = N v 2 - u 2 ln , 

where 
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By writing n c / fl -in terms of the parameter A 



expressing the propagation constant in terms of n co> A, 
U i n , V and the wavenumber k, i.e., 



and expanding equation (1) to first order in A around 
A=0, a simpler expression for the phase shift of a 
weakly guiding fiber (A <0.01) is obtained: 

84>/n _ (S) 

kLSi ~ 

tP" 

»co ~ "loPef + An ro -pp (n 2 m ( 3 - 4t)l„)P e f - 1 - 2v/>)/„). (10) 

The term on the left-hand side of equation (8) is the 
normalized phase shift, 8(f>„ or . It is a function of five 
parameters, namely, n COi A, V, v/and P e / with strong 
dependence of the normalized phase shift on the core 
refractive index, n^,. 

Two mode optical fibers have been used as modal 
domain sensors for measuring strain. In order to deter- 
mine the strain in the fiber, the intensity of the fiber’s 
output pattern is monitored. The resulting pattern is 
determined by the interference of the LPoi and LPn 
modes and their respective phase shifts. If one neglects 
the effect of mode coupling, the intensity of the mode 
pattern with phase shift can be written as a proportion- 
ality 

I cc cos(6/3 8<£oi~S4>i i) (9) 

where 8/3 is the difference between the propagation 
constants of the LPoi and LPn modes and 8<J>oi and 
8(j > n their respective phase shifts. For a two mode fiber 
modal domain sensor, the term that determines the sen- 
sitivity to strain is the difference between the phase 
shifts of the two modes, i.e., 8<f>oi-84>n* It can be writ- 
ten as 

8<|>oi - 6<j>n = (10) 

AkLS! i . , , , 

"co— p— S Q + 2-nnvf- (3 - 4 m)n 1 a ?'}> 

From analysis of equation (9), it has been determined 
that when the phase difference between the two modes, 
i.e., 84>oi-8<f>n is less than 0.17 radians, the intensity of 
any point at the output end of an optical fiber used as a 
strain sensor will be linear with respect to strain over a 
wide range of strain. The following proportionality 
holds. 

Ioccos(8/3+8<f>oi-84>ii) (11) 


For 8<J>oi-S4>li> the right-hand side of the above propor- 
tionality can be written as 

cos(Sj3)cos(§4>oi-S4> 1 1 ) — sin($/3)sin(S4>oi-84> 1 1 ) 

5 

which is approximately 

cos(5£) — (84>oi-S<j> i i)sin(8/3). 

10 The term (8<f>oi-8<|>ii) is linear with strain, conse- 
quently, for (8cJ>oi-S<f>u) ^0.17 radians, the intensity 1 is 
also linear with respect to strain. 

An optical fiber having a phase difference, 
84>oi-<5<f>i i=0.17 radians in a predetermined range of 
15 strain can be used in a strain sensor constructed as illus- 
trated in FIG. 1. A light source 10 supplies light to the 
optical fiber 12 which is exposed to axial strain repre- 
sented by arrows 14. The output 16 from the optical 
fiber 12 produces a pattern 18. A light sensitive element 
2 o 20, such as a photodiode, may be positioned to detect 
the intensity of light at any point, e.g., point 22, in the 
pattern 18. The photodiode or other light intensity de- 
tection unit 20 may be mounted directly on the output 
end of the fiber 12, or a lens or other apparatus may be 
25 used to focus or transport the output of the fiber 12 to 
the element 20. 

The apparatus illustrated in FIG. 1 for a fiber 12 
having the characteristics described above, is capable of 
measuring small vibrations in a space frame without 
30 requiring a sophisticated detector for alignment of the 
detector to distinguish between patterns output from 
the fiber. Strain in a non-axial direction will be approxi- 
mated as axial strain for up to 10° of deflection from the 
original axis of one end of the fiber measured at the 
35 other end of the fiber. 

The many features and advantages of the present 
invention are apparent from the detailed specification, 
and thus it is intended by the appended claims to cover 
all such features and advantages of the apparatus which 
40 fall within the true spirit and scope of the invention. 
Further, since numerous modifications and changes will 
readily occur to those skilled in the art from the disclo- 
sure of this invention, it is not desired to limit the inven- 
tion to the exact construction and operation illustrated 
45 and described, accordingly, suitable modifications and 
equivalents may be resorted to, as falling within the 
scope and spirit of the invention. 

We claim: 

1. A strain sensor, comprising: 

50 a two-mode optical fiber constructed of materials 
producing an intermodal phase difference 
8<f>oi-S4>ii of less than 0.17 radians when subjected 
to stress within a measurable range of the strain 
sensor; 

55 light supply means for supplying light to a first end of 
said optical fiber; and 

light intensity detection means for detecting light 
intensity of the point at a second end of said optical 
fiber. 

60 2. A strain sensor as recited in claim 1, wherein said 

light intensity detection means comprises: 

conversion means for converting the light intensity to 
an electrical signal; and 

means for transporting light emerging from the point 
65 at the second end of said optical fiber to said con- 
version means. 

3. A strain sensor as recited in claim 1, wherein said 
optical fiber is constructed of material which when 
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subjected to strain within a predetermined range has 
characteristic parameters for 6<f>oi-S4>n to be less than 
0.17 radians when defined as 

§4>oi - = 


K? 

V,n ~ Ki+iKi-i ’ ’ 

where K/is the modified Bessel function of second kind 
of order/with argument given by 


n c°^r~ ;i 0 (-1) /+1 ^(1 + 2r),iv/- (3 - 4 vn)n 2 co Pe/>, 


ak N n* - 


„2 

n cla 


10 


where n co represents the refractive index of the core, k 
represents the wavenumber of the light, L represents 
the length of said optical fiber. Si represents axial strain, 15 
Vis 


r„=N V 2 -Ui, 


Wh 


where 


' = ak N nl Q - 


n cla 


20 


U is a solution to the eigenvalue equation of said optical 
fiber, v/ represents the Poisson ratio, P^/represents the 25 
effective strain-optic coefficient of said optical fiber and 
n i n represents 


4. A strain sensor, comprising: 
a single mode optical fiber constructed of materials 
producing a phase of a fundamental mode §<j>oi of 
less than 0.17 radians when subjected to stress 
within a measurable range of the strain sensor; 
light supply means for supplying light to a first end of 
said optical fiber; and 

light intensity detection means for detecting light 
intensity of the point at a second end of said optical 
fiber. 
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